Prior research suggests that several endogenous hormones in premenopausal women are associated with breast cancer risk; however, few studies have evaluated associations of endogenous hormones with mammographic density (MD) in premenopausal women. We conducted a cross-sectional study of plasma hormone levels in relation to MD among 634 cancer-free premenopausal women in the Nurses' Health Study II. We measured percent MD from screening mammograms using a computer-assisted method. We assayed estradiol, estrone, and estrone sulfate in blood samples timed in early follicular and mid-luteal phases of the menstrual cycle as well as testosterone, androstenedione, progesterone, dehydroepiandrosterone (DHEA), DHEA sulfate, sex hormone-binding globulin (SHBG), and anti-Müllerian hormone in luteal or untimed samples. We used multivariable linear regression to quantify the association of %MD with quartiles of each hormone, adjusting for age, body mass index, and breast cancer risk factors. Women in the highest quartile of follicular estradiol levels had significantly greater %MD compared to those in the lowest quartile [difference, 6.7 percentage points; 95% confidence interval (CI) 2.2, 11.3; p-trend < 0.001]. Similar associations were observed for follicular free estradiol but not luteal-phase estradiol. Also, women in the top (vs. bottom) quartile of free testosterone had significantly lower %MD (difference, − 4.7; 95% CI − 8.7, − 0.8; p-trend = 0.04). Higher SHBG was significantly associated with higher percent MD (difference, 4.8; 95% CI 1.1, 8.6; p-trend = 0.002). Percent MD was not strongly associated with other measured hormones. Results were similar in analyses that excluded women with anovulatory cycles. Our findings suggest that follicular estradiol and SHBG may play an important role in premenopausal percent MD. 
Introduction
Prior research suggests that endogenous sex steroids are associated with breast cancer risk in premenopausal women [1] [2] [3] , while mammographic density (MD), a strong and independent risk factor for breast cancer [4] , may reflect cumulative exposure to estrogens [5] . A few studies, but not all, have reported positive associations between estrogens and MD, primarily among postmenopausal women [6] [7] [8] [9] [10] [11] [12] , suggesting at least one possible biological mechanism of action through which hormones may influence breast cancer risk. However, fewer studies have evaluated the association between endogenous hormones and MD among premenopausal women [12] [13] [14] [15] [16] [17] [18] .
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Results of these studies have been inconsistent, in part because of cyclical variations in estrogen levels across the menstrual cycle. Similarly, data to evaluate the association with circulating androgens are also sparse [13, 15, 16, 19] . To date, only a single study [20] assessed possible associations of serum antiMüllerian hormone (AMH), a marker of ovarian function which has been found in three prospective studies to be positively associated with breast cancer risk [21] [22] [23] , and breast density in younger women (n = 172). Findings from that study suggested no association of AMH with absolute or percent breast dense volume; however, an inverse association was observed for absolute non-dense breast volume.
Understanding how endogenous hormone levels influence MD may inform breast cancer etiology. Therefore, to address the gaps in knowledge about the relation of circulating hormones to MD, we evaluated associations within the Nurses' Health Study II (NHSII).
Methods

Study Population
The NHSII is an ongoing prospective cohort study of 116,429 women who were ages 25 to 42 at baseline in 1989. Selfadministered questionnaires were administered at baseline to collect information on diseases and risk factors such as weight, family history of breast cancer, age at menarche, parity, alcohol consumption, and use of oral contraceptives. Biennial questionnaires update information on most risk factors. Blood samples were collected in 1996-1999 from 29,611 women in the NHSII, including 18,521 premenopausal women who provided samples timed during the early follicular and mid-luteal phases of their menstrual cycles [24] . Samples have been stored in liquid nitrogen freezers (<− 130°C) since collection. Within the subcohort of women who provided blood samples, a nested case-control study of breast cancer was established to investigate a wide range of biomarkers as potential predictors of breast cancer risk, as described previously [24] [25] [26] . Briefly, we identified new diagnoses of breast cancer through biennial questionnaires and regular searches of the National Death Index and confirmed diagnoses through medical record review. Two controls with no prior history of breast or other cancer were matched to each case by race/ethnicity (African-American, Asian, Hispanic, Caucasian, other), age (±2 years), menopausal status, month/year of blood collection, time of day of blood draw (±2 h), fasting status, and luteal day for timed samples (date of next period minus date of luteal blood draw, ±1 day) [24] .
Film-screen mammograms were collected from women included in the nested case-control study. Screening mammograms were obtained as close as possible to the time of blood collection (median time from blood to mammogram, 7 months), and we successfully obtained mammograms from approximately 80% of eligible women (i.e., current participants in the nested case-control study who reported having received mammography). Women from whom we did and did not receive mammograms were similar with regard to breast cancer risk factors, including body mass index (BMI), parity, and family history of breast cancer [11] . We conducted crosssectional analyses among controls from this nested case-control study. We restricted all analyses to women who were premenopausal at the time of both mammography and blood collection. Distributions of hormone concentrations were similar for controls with mammograms versus all controls (data not shown). The final analytic sample consisted of 634 women. This study was approved by the institutional review board of Brigham and Women's Hospital. Informed consent was implied by receipt of completed questionnaires and blood samples.
Mammographic Density (MD) Measurements
Assessment of MD has been described previously [11] . Briefly, we measured absolute and percent MD from the craniocaudal views of both breasts using Cumulus software [27] . All images were read by a single reader; within NHSII, mammograms were read in two batches approximately 3 years apart. The within-person intraclass correlation coefficients were ≥ 0.90 [28] ; however, there was evidence of batch-tobatch variability in density measurements so MD measurements were adjusted for batch effects using a correction technique described by Rosner et al. [11, 29] .
We used the average percent density of both breasts for our main analyses as this is more strongly related to breast cancer risk than absolute density phenotypes [8, 30] . However, recent evidence suggests that absolute dense and non-dense area may be independently associated with breast cancer risk [28, [31] [32] [33] , so we also examined these as separate outcomes in secondary analyses.
Laboratory Analyses
The details of laboratory assay methods used to quantify plasma concentrations of estrogens, androgens, progesterone, sex hormone-binding globulin (SHBG), and AMH have been described previously [23, 34, 35] . Luteal and follicular samples were assayed for estrone, estradiol, and estrone sulfate. Testosterone and androstenedione concentrations were assayed in luteal and/or follicular samples, as well as untimed samples. Dehydroepiandrosterone (DHEA), DHEA sulfate (DHEAS), SHBG, and AMH were measured in luteal and untimed samples, and progesterone was measured in luteal samples. Assays were performed in different batches at different laboratories [36] . Hormones were assayed by radioimmunoassay or liquid chromatography-tandem mass spectrometry (estrogens, testosterone, androestenedione) and chemiluminescence immunoassay (progesterone, DHEA, DHEAS, SHBG). Samples were assayed for AMH, in a single batch, by the picoAMH ELISA assay at Ansh Labs [23] . We included 10% blinded replicates in each batch to assess laboratory precision. Except for a single batch of progesterone (17%), within-batch coefficients of variation were between 2 and 15% for all analytes. Free estradiol and free testosterone were calculated using the formula described by Södergard et al. [37] .
Statistical Analyses
Because sex steroid hormone levels vary throughout the menstrual cycle, we evaluated estrone and estradiol in the follicular and luteal phases separately, and progesterone in the luteal phase. We used the average of the follicular and luteal blood sample values, when available, for testosterone, free testosterone, and androstenedione as concentrations did not vary substantially by menstrual phase [38] . We adjusted for betweenbatch differences in hormone distributions (for all hormones except AMH) using an average batch recalibration approach [3, 29] . Sample sizes ranged from 230 (for analyses of AMH) to 631 (for SHBG).
In cross-sectional analyses, we fit multivariable linear regression models to quantify the association of %MD with quartiles of each hormone, adjusting for age and age-squared, body mass index (BMI) at blood collection (continuous, kg/ m 2 ), age at menarche (< 12, 12, 13, ≥ 14 years), parity and age at first birth (nulliparous, 1-2 children and < 25 years, 1-2 children and 25-29 years, 1-2 children and ≥ 30 years, 3+ children and < 25 years, 3+ children and ≥ 25 years, missing), family history of breast cancer at blood draw (yes, no), alcohol intake at blood draw (0, 0.1-4.9, 5-14.9, 15+ g/day, missing), and luteal day (3-7 days, 8-28 days, missing/untimed). Risk factor information was based on questionnaires completed at the time of blood collection (i.e., weight) or from biennial questionnaires completed close to the time of blood collection. A missing indicator category was used to account for missing values in categorical covariates. Because of strong inverse correlations between BMI and percent MD [39] [40] [41] , results from models adjusted for age only are not shown. We present models adjusted for age, age-squared, and BMI alone, plus full multivariable models. In secondary analyses incorporating absolute measures of dense and non-dense breast area, we applied a square-root transformation to improve normality of these outcomes. Models for absolute dense area were adjusted for absolute non-dense area and vice versa. Generalized estimating equations were used to take into account the correlation between matched controls. Statistical tests for trend were from a Wald test using the median of each quartile as a continuous variable. We examined the possibly non-linear relation between hormones and percent MD non-parametrically with restricted cubic splines [42] . Tests for non-linearity used the likelihood ratio test, comparing the model with only the linear term to the model with the linear and the cubic spline terms. In sensitivity analyses for estrogens, we excluded women whose samples were collected in an anovulatory cycle [defined by luteal progesterone <400 ng/dL (n = 67) or missing (n = 4)]. We also conducted analyses stratified by BMI (< 25 vs. ≥ 25 kg/m 2 ) and formally tested for interaction by evaluating the Wald test for the cross-product term of dichotomous BMI and continuous hormone in multivariable models.
Analyses were conducted with SAS version 9.3 for UNIX (SAS Institute, Cary, NC). All p values were based on twosided tests and were considered statistically significant if < 0.05.
Results
On average, women were 42.8 years of age at blood draw and 44.1 years at mammogram, with average percent MD of 43.0%. Other characteristics of the study population are shown in Table 1 .
In general, after adjustment for age and BMI, we did not observe strong evidence of confounding of associations of plasma hormones and %MD by the other breast cancer risk factors (Table 2 and Fig. 1 ). In full multivariable-adjusted models ( Table 2 , Model 2), %MD was significantly higher among women in the highest quartile of follicular estradiol levels compared to those in the lowest quartile (difference, 6.7 percentage points; 95% CI 2.2, 11.3; p-trend < 0.001). Similar associations were observed for follicular free estradiol (correlation with total estradiol = 0.84) but not luteal-phase estradiol (Table 2) . These associations were similar in analyses restricted to ovulatory women (data not shown). In addition, women in the top (vs. bottom) quartile of free testosterone had significantly lower %MD (difference, − 4.7; 95% CI − 8.7, − 0.8; p-trend = 0.04). Higher SHBG was significantly associated with higher percent MD (p-trend < 0.01) ( Table 2) ; the association was somewhat attenuated when mutually adjusted for follicular total estradiol (p-trend = 0.11). Percent MD was not associated with estrone, estrone sulfate, testosterone, androstenedione, DHEA, DHEAS, or AMH ( Fig. 1 and Table 2 ). For most hormones, there was no evidence of nonlinearity in associations of hormones with percent MD; the single exception was progesterone, for which there was significant evidence of a non-linear association (p ≤ 0.01).
In analyses stratified by BMI, we observed that associations were generally stronger in overweight and obese women with BMI ≥ 25 kg/m 2 . For example, among leaner women, a significant positive association was observed for follicular estradiol (difference between extreme quartiles, 5.0; 95% CI − 0.4, 10.4; p-trend = 0.04). Although there was no significant interaction by BMI (p-interaction = 0.35), the magnitude of the association was stronger among heavier women: percent MD for those in the top quartile of follicular estradiol was 13.9 percentage points higher than those in the bottom quartile (95% CI 6.6, 21.2; p-trend < 0.0001) ( Table 3 ). The associations observed with free testosterone (inverse) and SHBG (positive) overall seemed to be driven mainly by associations in overweight and obese women, among whom significant inverse associations were also observed with androstenedione and DHEAS. In contrast, the androgens did not appear to be strongly associated with percent MD among leaner women; however, a suggestive inverse association for AMH was observed in this group. Significant non-linear associations were observed for progesterone in both strata of BMI and SHBG in heavier women (Table 3) . Similar to our main analyses for percent MD, we observed positive associations between follicular estradiol and free estradiol with absolute dense breast area (p-trend < 0.01) after adjusting for age, BMI, absolute non-dense area, and other breast cancer risk factors (Supplementary Table 1 ). The positive association between SHBG and percent MD was driven by a strong inverse association of SHBG with absolute non-dense breast area (p-trend < 0.001) (Supplementary Table 2 ), whereas there was no apparent association of SHBG with absolute dense breast area (Supplementary Table 1 ). No clear trends were noted for the other plasma hormones evaluated and absolute non-dense area. However, there was a borderline inverse association between AMH and absolute dense breast area (p-trend = 0.05) (Supplementary Table 1) .
Discussion
In summary, we observed a significant positive association between follicular-phase estradiol and percent MD in premenopausal women. We previously reported that follicular estradiol was associated with invasive and ER+/PR+ premenopausal breast cancer [3] . Other studies have also reported positive associations of circulating estrogens with breast cancer risk in premenopausal women [1] . Our current results support the hypothesis that the association could be mediated, at least in part, through high MD. We also observed an inverse association with free testosterone, which was likely driven by the inverse association of SHBG with absolute non-dense breast area resulting in a positive association of SHBG with percent MD that was mainly apparent among overweight and obese women.
In a subset of this population (n = 352), we previously reported no associations between urinary estrogen metabolites and MD [11] . However, the current results are not inconsistent with our previous analyses since urinary estrogen metabolites were measured in urine samples and during the luteal phase of the menstrual cycle, whereas we observed that plasma levels of estradiol measured in the follicular phase (but not the luteal phase) were positively associated with percent MD. Few prior studies have evaluated phase-specific circulating sex hormones and MD in premenopausal women with mixed results. Similar to our findings, Yong et al. reported a positive association of similar magnitude between follicular phase estradiol and MD among 192 premenopausal women aged 40-45 [15] . However, results from three other studies that measured circulating hormone levels (n ≤ 225) were null [12, 16, 43] . In one of these studies, however, both follicular-phase and overall average salivary concentrations of 17β-estradiol (measured daily throughout the menstrual cycle) were positively associated with percent MD in premenopausal women ages [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] (n = 202) [16] .
Our findings for SHBG (positive) and free testosterone (inverse) are also consistent with the findings of Yong et al. [15] and with a recent analysis of 225 younger women aged 15-30 years in which SHBG measured in both the follicular and luteal phases was found to be positively associated with percent breast water measured using MRI (as a proxy for breast density) [43] . In the latter study, an inverse association for free testosterone was also noted. Walker et al. also reported a suggestive positive association between SHBG and percent MD in 494 premenopausal women [13] . In contrast, among 180 women aged 25-29, Jung et al. found a positive association between testosterone and percent breast density, but no association with SHBG or non-SHBG bound testosterone [14] . The role of SHBG in the body is one of transport and it binds both androgens and estrogens; however, SHBG has a higher affinity for testosterone [44] than estradiol and SHBG concentrations are negatively correlated with testosterone levels but positively correlated with estradiol levels in premenopausal women [38, 45] . In these data, SHBG is negatively correlated with free testosterone (r = − 0.51) and positively correlated with estradiol (r = 0.52). Therefore, it is possible that the positive association we observed between SHBG and percent MD in our analyses largely reflect the positive association of estradiol and free estradiol in this study population; indeed, adjustment for estradiol somewhat attenuated observed associations of SHBG with percent MD. However, Linton et al. did not observe associations of estradiol in either phase of the menstrual cycle with percent breast water from MRI [43] . Although we adjusted for BMI in our analyses, it is also possible that our findings for SHBG reflect residual confounding by adiposity, given that the association was stronger and non-linear among overweight/obese women and the strong inverse association of SHBG with absolute non-dense breast area. We also found that while follicular estradiol was positively associated with percent MD in both lean and heavier women, the association was stronger among overweight and obese women. While estrogens may have a direct influence on breast tissue composition [5] , adiposity-and associated metabolic processes such as the insulin-like growth factor (IGF)-1 pathway-could modify the biological effects of sex hormones. Interactions between estrogen and IGF-1 on breast cancer development have been described [46, 47] , and recently, Frydenberg et al. [48] reported stronger associations of salivary 17β-estradiol with percent MD among premenopausal women who also had high levels of IGF-1 or growth hormone (n = 99). However, IGF-1 and growth hormone are inversely associated with BMI [49] and, in an earlier analysis, we found no association of IGF-1 and MD in this cohort [50] . These interactions warrant further investigation in larger and prospective studies.
We found no linear association overall with progesterone measured during the luteal phase; however, we detected [17, 19] may be due in part to measurement challenges: the ICC for luteal-phase progesterone in the NHSII was only 0.29 [38] , and these results should be interpreted with caution.
To our knowledge, only one prior study evaluated the relation between AMH and breast density. Among 172 women aged 25-29, AMH levels were not associated with percent breast density; however, women with higher AMH concentrations had significantly lower non-dense breast volume [20] . In contrast, we noted a suggestive inverse association of AMH with absolute dense breast area, but no association with absolute non-dense breast area. The discrepancy in results between these two studies could be due to differences in the ages of the study populations or may be due to chance. There are some important limitations of our analysis. First, because of the cross-sectional study design, in which blood samples and mammograms were obtained close in time to each other, temporality cannot be inferred. Second, a single blood sample (i.e., follicular or luteal) may not accurately represent long-term average hormone levels or the relevant etiologic period. In a reproducibility study within the NHS II, with the exception of progesterone, most hormones measured at specific points in the menstrual phase were fairly stable over 1-3 years (e.g., estradiol ICC = 0.45, testosterone ICC = 0.69, SHBG ICC = 0.83) [3, 24, 38] . Mammograms were not performed at the same time as blood draw and we lacked information of timing of mammography with respect to the menstrual cycle; however, previous studies suggest only negligible differences in density measures at different points in the menstrual cycle [51, 52] . Finally, while results were similar in analyses that excluded women with an anovulatory cycle at blood draw, a single anovulatory cycle may not be representative of usual cycles and we were unable to characterize women according to history of regular ovulatory cycles.
Despite these limitations, there are important strengths as well. Our study is the largest, to our knowledge, to evaluate associations between sex steroid hormones by menstrual timing and premenopausal MD. Other strengths of this study include quantitative assessments of percent and absolute MD from screening mammograms with high intra-reader reliability, use of state-of-the-art hormone assays, and detailed information on potential confounders, including predictors of MD and established breast cancer risk factors.
Our findings suggest that follicular estradiol and possibly SHBG may play important roles in MD among premenopausal women. Further research is warranted to assess the joint effects of sex steroid hormone concentrations and MD on breast cancer risk in premenopausal women.
